Abstract X-ray fluorescence microscopy was applied for topographic and quantitative elemental analysis within the areas of the rat brain that undergo neurodegenerative changes in consequence of pilocarpine-induced seizures. Significant changes in levels of selected elements were observed in epileptic animals. They included an increased tissue content of Ca in the CA1 and CA3 regions of the hippocampus and in the cerebral cortex. The opposite relation was observed for the Cu level in the dentate gyrus and for Zn in the CA3 region of the hippocampus and in the dentate gyrus.
Introduction
Although epilepsy is the most common of the serious neurological diseases, the mechanisms of epileptic discharges still remain unknown. Nowadays, there is rapid progress in its diagnosis and therapy owing to cooperation of experts from various fields, such as pharmacology, neurology, and neurobiology, and modern analytical methods.
Epileptic seizures strongly modify internal conditions within the nervous tissue. There are many changes in neurotransmitter release, gene activation, and elemental composition [1] . There is growing evidence that the balance between trace elements, such as Mg, Ca, Fe, Cu, Zn, and Se, in the nervous tissue [2] is of crucial importance for maintaining human health. In biological systems, these mainly metallic elements are usually bound to proteins. Metals in metalloproteins are components of enzymatic systems, and fulfill structural and storage functions [3] . Hence, these elements are responsible for various metabolic processes, including those occurring in the brain [4] .
Metallic elements may contribute to atrophy and death of neurons in some neurodegenerative disorders by participating in processes such as oxidative stress, excitotoxicity, mitochondrial dysfunction, and protein aggregation [5] [6] [7] . Because epileptic seizures induce neurodegeneration in some specific areas of the brain, it is suspected that metals may be involved in the pathogenesis and progress of epilepsy [8] .
Existing evidence suggests that epileptic seizures significantly change the metabolism and distribution of trace elements in the nervous tissue [9] [10] [11] . On the other hand, metal contents determine susceptibility to convulsions [12] .
Studies of epileptogenesis or the search for new antiepileptic drugs require animal models of epileptic seizures.
Our data indicate that no general and unequivocal conclusion concerning mechanisms of epileptogenesis can be obtained on the basis of a single or two experimental models of epilepsy since the epileptogenic process appears to depend on multiple functional subsystems [13, 14] . Therefore, we would like to focus on the most often used experimental model of temporal lobe epilepsy-pilocarpine-induced seizures [15, 16] . In this model, the distribution and the level of trace elements have never been tested before.
X-ray fluorescence microscopy is a perfect tool for topographic and quantitative elemental analysis [17] [18] [19] . In this technique, the primary X-ray photons eject the electrons from the internal shells of atoms and cause their excitation. The atoms relax under emission of secondary X-ray radiation. Because the energy of the emitted radiation is characteristic for the excited atom, the analysis of the measured spectrum provides information about the elemental composition of the sample under investigation. The intensity of the secondary X-ray radiation is proportional to the content of the element in the sample; therefore, the X-ray fluorescence microscopy enables quantitative analysis of materials as well.
The availability of synchrotron radiation sources that provide high-brilliance X-rays, in parallel with recent advances in the technology of X-ray microfocusing systems, facilitated studies of the distributions of trace elements in small spatial regions with low detection limits [20] .
This work reported here entailed two-dimensional analysis of some selected elements in the epileptic-activityrelated areas of the rat brain. For this purpose, the rat pilocarpine model in conjunction with the advanced and precise topographic and quantitative elemental analysis using X-ray fluorescence microscopy was applied.
Materials and methods

Animals
All animal-use procedures were approved by the Bioethical Commission of Jagiellonian University in accordance with international standards. Male Wistar rats were obtained from the animal colony of the Institute of Pediatrics, Collegium Medicum, Jagiellonian University, and were maintained under conditions of controlled temperature (20 ± 2°C) and illumination (12 h light-12 h dark cycle). A solid diet (Labofeed) and water were available ad libitum.
Epilepsy induction and behavioral observations
The rats received a single intraperitoneal injection of pilocarpine (300 mg/kg, Sigma P6503) on day 60 of their postnatal development. To exclude possible effects of the injection itself on the elemental accumulation, control animals received saline solution instead of pilocarpine. Scopolamine methyl bromide (1 mg/kg, Sigma S8502) was injected intraperitoneally 30 min prior to pilocarpine to reduce its peripheral effects. Pilocarpine was injected between 9 and 10 a.m. to avoid circadian changes in seizure vulnerability. After that, during the 6-h period following the pilocarpine injection, the animals were continuously observed. The observation provided also data on general parameters of the status epilepticus: (1) the latency of the first motor sign, (2) the time when it occurred within the 6-h observation period, and (3) the time when the acute period ended. The experimental procedure has already been applied in our previous studies on the pilocarpine model of epilepsy [21, 22] .
Sample preparation
All animals, 6 h after epilepsy induction, were perfused with physiological saline of high analytical purity. The content of trace elements in the solution was additionally monitored using the total reflection X-ray fluorescence method at the X-ray Laboratory of the Department of Applied Nuclear Physics (Faculty of Physics and Applied Computer Science).
The brains were excised, frozen, and cut using a cryomicrotome into 15 micrometer-thick slices. The specimens of the dorsal part of the hippocampus [23] were mounted on Ultralene foil (ultrapure and transparent for X-rays) and freeze-dried. The freeze-dried slices were neither fixed nor embedded in paraffin.
Elemental analysis X-ray fluorescence microscopy was employed for topographic and quantitative analysis of the selected metals in the areas of the brain involved in epileptic activity. The samples from six rats with pilocarpine-induced epilepsy and five naive-control animals were investigated. The measurements were done at the bending magnet beamline L of HASYLAB [24] . A schematic view of the experimental setup is presented in Fig. 1 .
The multilayer monochromator was applied and the primary photon energy was set to 17 keV. The beam was focused with polycapillary optics to obtain a final beam spot dimension of 15 9 15 lm 2 . The typical size of the scanned tissue area was around 4 9 4 mm 2 . The characteristic X-ray lines were measured using a Vortex SDD detector from SII Nano Technology USA and the time of spectra acquisition was 8 s per pixel. The spectra collected were deconvoluted with the use of the AXIL program [25] .
Measurements of NIST standard reference materials (SRM 1833 and SRM 1832) were performed for spectrometer calibration and external quantification.
Results
The elements such as P, S, Cl, K, Ca, Fe, Cu, Zn, Br, and Rb were detected in rat brain sections. Figure 2 presents a typical spectrum recorded in rat hippocampus tissue.
For each sample the two-dimensional elemental analysis was performed for the area of the hippocampus and the cerebral cortex. The results of such topographic analysis for selected control and epileptic samples are shown in Fig. 3 .
The masses per unit area of the elements were calculated according to Eq. 1:
where Y T is the net peak area of the measured element for the tissue sample, t T is the measurement time for the tissue sample, I T is the incident photon flux for the tissue sample, and S is the sensitivity for measured element, given by
where Y S is the net peak area of the measured element for the standard sample, t S is the measurement time for the standard sample, I S is the incident photon flux for the standard sample, and M S is the mass per unit area of the measured element in the standard sample. Additionally, for each element detected in the nervous tissue, the detection limits were calculated for the typical measurement conditions. This was done according to the formula given by Currie [26] . The values obtained for the detection limits of the elements and their uncertainties at the 95% confidence level are presented in Table 1 .
For four regions of the hippocampal formation (CA1, CA3 of Ammon's horn, dentate gyrus, and hilus of dentate gyrus) and the cortex the mean masses per unit area of the elements were evaluated. Areas of 300 9 300 lm 2 were taken into account in the calculations. The results of quantitative analysis are presented in Table 2 . The elements for which the mean masses per unit area were lower than the detection limits were omitted from the summation and further analyses.
To compare the elemental composition of epileptic and control tissue, the median values of mass per unit area were evaluated for all the brain areas analyzed in both groups. The statistical significance of differences between medians was tested with the nonparametric U (Mann-Whitney) test.
The results of statistical analysis are presented in Table 3 and additionally, for selected elements, in Fig. 4 . Statistical analysis showed that the level of Ca was significantly higher in CA1 and CA3 regions of the hippocampus and in the cortex of animals with pilocarpineinduced epilepsy. The opposite relation was observed for the Cu level in the dentate gyrus and for Zn in the CA3 region and the dentate gyrus.
Discussion
Data from investigations of metal contents in nervous tissue in epilepsy are ambiguous. Carl et al. [10] using atomic absorption spectrophotometry analyzed the influence of kainate-induced epileptic seizures on the accumulation of selected elements in the rat brain. Moreover, they verified if there are some differences in the cerebral level of trace elements between rats with congenital susceptibility to epileptic convulsions and a control group [11] . Unfortunately, the results of Carl et al. [10, 11] do not provide any information concerning the topographic changes in elemental composition of the brain. However, it is obvious that the changes in metal content do not have to occur in the whole brain or even in the whole anatomical structure, e.g., the hippocampus, but can be noticed in much smaller areas (specific nerve cells, microglia). Because of that it is necessary to choose an experimental tool that will detect elemental abnormalities with spatial resolution of a few microns.
Many papers of Takeda et al. [27] [28] [29] have focused on the role of Zn in epilepsy. They used atomic absorption spectrophotometry to determine the distribution of this element in selected areas of the brain and Timm's staining for the topographic analysis of histochemically active Zn.
Ren et al. [30] investigated the topographic and quantitative changes in Ca and Fe levels in the brains of rats with kainate-induced epilepsy. Using the combination of particle-induced X-ray emission (PIXE), Rutherford backscattering spectrometry, and scanning transmission ion microscopy, they were able to study changes in elemental composition with a detection limits of single parts per DG dentate gyrus, H hilus of dentate gyrus, C cortex million and spatial resolution better than one micrometer. In our studies we applied another multielemental analytical method, namely, X-ray microfluorescence (XRMF). The use of synchrotron sources of X-ray radiation in conjunction with state-of-the-art focusing devices allows one to analyze the elemental composition of samples with spatial resolution similar to that of PIXE [20] . Since less energy is deposited in the sample using X-ray excitation compared with electron or proton excitation, thermal damage to the sample and other associated problems such as loss of volatile elements and possible chemical changes in the sample are avoided [31] . On the other hand, the unquestionable advantage of PIXE method is its surface sensitivity [32] . PIXE and XRMF are complementary rather than competitive, the first method being comparatively more sensitive for light and the second for heavier elements [33] . In the present study, X-ray fluorescence microscopy was for the first time applied for the analysis of the content and distribution of selected elements in the regions of brain affected by pilocarpine-induced status epilepticus. Using this measurement technique, we performed the multielemental analysis of the nervous tissue at the micrometer scale. The simultaneous analysis of many elements in the same tissue slice, which is not possible using histochemical methods, is particularly important taking into account a possible interplay between some elements in brain injury. Such a thesis is supported by the recent study that documented the capability of Zn 2+ and Ca 2+ to cooperate in the promotion of excitotoxicity [2] .
Our results are in agreement with previous studies showing significant changes in chemical features of the nervous tissue even after a single epileptic seizure [1, 34] . Using synchrotron microbeam X-ray fluorescence, we were able to detect statistically significant quantitative changes in the content of trace elements, after the 6-h survival period following seizure induction.
The level of Ca in CA1 and CA3 hippocampal regions and in the cerebral cortex in rats experiencing seizures was significantly higher than that found in controls. Our results Fig. 4 The median values of mean mass per unit area of the elements calculated for selected areas of the rat brain in control (K) and epileptic (SN) animals appear to agree with the fundamental theory of excitotoxicity indicating Ca 2+ as the principal mediator initiating different neuronal disorders [35] . Excitotoxic damage occurs when strong and/or long-lasting stimulation of glutamate receptors (mainly NMDA, with a great Ca 2+ transmission ability) leads to neuronal overexcitation, breakdown of Ca 2+ regulatory mechanisms, and, consequently, an uncontrolled Ca 2+ influx into the cell. Apparently, similar processes take place during the acute phase of epileptic seizures leading to massive Ca 2+ release and, finally, to apoptosis of nerve cells frequently observed in the postepileptic hippocampus [36] .
In classical neurohistological examinations, sets of specific histochemical or immunohistochemical stainings had to be used to indicate types of cellular components showing pathological changes. Application of X-ray fluorescence microscopy offers relatively easy but timeconsuming analysis of the elemental distribution within the region examined. Thereafter, on the basis of the preliminary data obtained, it is possible to decide which brain areas and elements need further, more detailed examinations. The observed increase in the Ca content has been detected in the brain tissues that were after perfusion with saline immediately frozen in liquid nitrogen. Such simple and quick tissue preparation minimized artifactual changes in the metal concentration caused by additional histological processing including perfusion-fixation, dehydration in ethanol solutions, and paraffin embedding [37] . Unfortunately, at the present stage of the investigations it is not possible to answer the question of what is the source of the increased Ca level detected in epileptic brains. It appears that the epileptic seizures themselves, even though they evoke strong Ca movement from extracellular to intracellular spaces, cannot increase the total amount of Ca in the overstimulated tissue. However, the topographic analysis has clearly localized a very high accumulation of Ca in the areas showing the highest level of neurodegeneration.
Using X-ray fluorescence microscopy, we have found significantly decreased Zn levels in the dentate gyrus and CA3 of epileptic animals. Zn is a component of more than 300 different enzymes that function in many aspects of cellular metabolism, involving metabolism of proteins, lipids, and carbohydrates [38] . Being an essential component of Cu,Zn-superoxide dismutase (Cu,Zn-SOD), Zn plays an important role in protection of biological structures from free radical-induced damage [4] . Moreover, according to different reports, Zn is considered either as a convulsionpromoting factor [39] or as an anticonvulsant [40] .
In the EL mouse (a genetic model of epilepsy), kainateinduced seizures decreased the Zn 2+ concentration both in the hippocampal formation and in the amygdaloid complex [28] . Recent investigations by Lynes et al. [2] characterized Zn 2+ as an agent modifying reactive oxygen species activation, increasing oxidative activity of NADPH, and, consequently, triggering oxidative stress. According to Bossy-Wetzel et al. [41] , increasing concentrations of Zn 2+ and Ca 2+ are the two critical factors responsible for the excitotoxicity. Nevertheless, our results do not confirm their thesis since the increased tissue content of Ca was accompanied by a corresponding decrease in the Zn level.
Numerous reports point out a possible role of Zn in pathological changes occurring in the hippocampus during temporal lobe epilepsy, such as neuronal death and aberrant sprouting of mossy fibers forming recurrent synapses onto the dentate gyrus granule cells [27] . The majority of the abovementioned reports indicate long-term increases in Zn 2+ concentration in the mossy fibers [42] ; therefore, it might be hypothesized that the phenomenon occurs rather during the silent phase of convulsions (of developing experimental epilepsy) [43] . Presumably, the significant decrease in the Zn 2+ tissue content results from the fact that the analysis was performed at the time when the seizure activity had already disappeared.
Cu is an essential trace element in all living organisms. It is mainly a part of the active center of cuproenzymes, such as cytochrome c oxidase-a component of the mitochondrial respiratory chain. Being a component of Cu,Zn-SOD, it plays a role in the neutralization of free radicals in the case of their accumulation [44] . The decrease in Cu or Zn levels in given regions of the animal brain after the acute phase of epileptic seizures may suggest that activity of Cu,Zn-SOD at the time of analysis was still developing and would reach its maximal level during later stages of neurodegenerative changes. The observed decreases could also be the result of postepileptic changes in permeability of the brain blood barrier [45] leading to massive outflow of the elements from the tissue affected by seizures to the periphery. The next step in our research will involve the correlation analysis of elemental, behavioral, and histopathological data. Additionally, using Fourier transform IR microscopy, we will carry out the topographic analysis of the main biomolecules along with examination of the relative secondary structure of proteins in the areas showing elemental abnormalities.
